Abstract Human consumption of plant functional foods has been rapidly increasing owing to the health benefits they provide. In particular, in Korea, the plant Orostachys japonica has attracted attention for its anticancer and other effects. Of the 12 established Orostachys species, only three (viz., O. iwarenge, O. malacophyllus, and O. japonica) have been allowed for use as foods in Korea. In this study, 12 species-specific primer sets based on single nucleotide polymorphisms of five chloroplast genes and one nuclear gene were developed to discriminate Orostachys species through quantitative real-time PCR (qPCR) analysis with SYBR Green staining. The efficiencies of the designed primer pairs in amplifying the target species ranged from 80 to 110%, with strong correlation coefficients (R 2 [ 0.99), whereas no clear correlation coefficient was evident for the non-target species. In order to verify the specificity of the 12 developed Orostachys-specific primers, binary mixtures of the DNAs (tenfold serially diluted samples) from the target species and each of the other non-target species were generated for qPCR analysis, with results suggesting that the primers could clearly discriminate at least 0.1% of O. japonica DNA (10 pg) in the mixtures. With regard to the feasibility of the developed qPCR system for detecting Orostachys species in O. japonica food products, O. japonica DNA was detected in all eight commercial products tested, with low Ct values (\ 20), whereas none of the other Orostachys species DNAs were detected, confirming that the tested foods contained only O. japonica. Therefore, developed primers and qPCR conditions would be useful for verifying the authenticity of commercial O. japonica food products.
Introduction
Functional foods are defined as natural food products that contain bioactive compounds [1] . Recently, the human consumption of plant functional foods has been rapidly increasing owing to the health benefits that they provide [2] . For example, plant flavonoids have attracted attention for their cancer chemopreventive effects [3] . However, the plant functional food markets are faced with fraud and adulteration issues, such as the addition of morphologically similar low-cost raw materials in food processing, because it is difficult to discriminate between spurious and authentic raw materials [4] . For example, the root tissue of Cynanchum auriculatum has been known to be sold as that of the morphologically similar Cynanchum wilfordii. In Korea, about 60% of the C. wilfordii products on the market contain C. auriculatum, which has created a major problem in the Korean market [5] . Therefore, it is necessary to develop various technologies to protect consumers from food fraud such as mislabeling and unintended mixtures.
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Genus Orostachys comprises perennial crassulacean acid metabolism plants that grow in Korea, Japan, and Russia and adapt easily to drought and cold environments [6] . The genus contains more than 12 acknowledged species (http://www.theplantlist.org), among which O. japonica has been confirmed to have several efficacies, such as antipyretic, hemostatic, diuretic, apoptotic cell death, and anticancer effects [7] [8] [9] . As a result, various commercial food products containing O. japonica ingredients in raw, powder, pouch, and tablet forms have been developed and sold in Korean markets. Aside from O. japonica, O. iwarenge and O. malacophyllus are the only other Orostachys species that have been allowed for use as foods by the Ministry of Food and Drug Safety of Korea. However, Orostachys species that have been dried are difficult to distinguish by the naked eye. Therefore, it is necessary to develop methods to discriminate the species in order to prevent their indiscriminate ingestion in foods.
Most of the chloroplasts, which play an important role in photosynthesis, have a circular-structured genome of 120-170 kb in size [10, 11] . Chloroplast genomes have been widely used in evolutionary studies and for plant species identification. For example, the maturase K (matK) gene is highly conserved among different plants and has been used for species identification, especially by the DNA barcoding method [12] . In addition, a host of studies have reported the determination of species-level relationships by using the matK gene [13] [14] [15] . Other chloroplast genes, such as trnT-L, trnS-G, ndhF, rpoC2, and ycf2, have been used for species identification [16] [17] [18] . Alternatively, the internal transcribed spacer (ITS) region of the 18S-5.8S-26S nuclear ribosomal cistron has also been widely used for species identification owing to its intragenomic uniformity, but inter-genomic variability [19] .
DNA-based polymerase chain reaction (PCR) analyses have been widely used owing to their economical and timesaving advantages. In particular, the high specificity and sensitivity of the quantitative real-time PCR (qPCR) assay allow the detection of very low levels of target DNA sequences in commercial foods. Many research studies have used qPCR for the detection of ingredients in commercial foods, such as pistachio [20] , C. wilfordii [5] , and rice [21] .
In this study, we developed species-specific molecular markers from chloroplast genes and the nuclear region for the discrimination of six Orostachys species and verified their application in commercial O. japonica-containing food products.
Materials and methods

Samples
A total of six species of Orostachys were used in this study (Table 1 ). All plants were obtained from three botanical gardens. All commercial food products were purchased from farming corporations ( Table 2) .
Genomic DNA extraction
Total genomic DNA was extracted from leaves of the Orostachys plants and from all commercial food products using the i-genomic Plant DNA Extraction Mini Kit (iNtRON Biotechnology, Seongnam, Korea) according to the manufacturer's protocol. The quantity of the extracted genomic DNA was measured using the Qubit 2.0 Fluorometer (Invitrogen TM , Life Technologies, Grand Island, (Table S1 ). The conventional PCR was performed using TaKaRa Ex Taq TM DNA polymerase (TaKaRa Bio Company, Kusatsu, Shiga, Japan), with the following conditions: 5 min at 95°C, followed by 35 cycles of 10 s at 95°C, 30 s at 59°C, and 1 min at 72°C, and finally, 5 min at 72°C. The amplicons were cloned into the RBC T&A Cloning Vector (Real Biotech Corporation, Taipei, Taiwan) using the TaKaRa ligation mix (TaKaRa) according to the manufacturer's protocol. Plasmid DNA was purified using the Plasmid Mini-Prep Kit (Elpis Biotech, Daejeon, Korea), and the nucleotide sequence was analyzed by a commercial service (Macrogen) (Fig. 1) .
Quantitative real-time PCR analysis
All primer pairs were designed using Beacon Designer and synthesized by a commercial service (Macrogen). The qPCR was performed in a final volume of 20 lL using the QuantStudio 3 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with SYBR Green dye staining. The reaction mixture contained 10 lL of AccuPower Ò 2 9 GreenStar TM qPCR Master Mix (Bioneer, Daejeon, Korea), 10 pmol of each primer set, and 10 ng of genomic DNA, adjusted to a final volume of 20 lL with PCR-grade water. The qPCR conditions were as follows: 10 min at 95°C, followed by 40 cycles of 10 s at 95°C, annealing time at the appropriate annealing temperature (T m ) of each primer pair, and 30 s at 72°C. The PCR products were denatured at 95°C for 15 s and then annealed at 60°C for 1 min. This step was followed by melt-curve analysis at temperatures ranging from 60 to 95°C, with increments of 3°C every 30 s. For sensitivity analysis, the DNA of each Orostachys species was diluted tenfold into five series (ranging from 0.001 to 10 ng/lL) and subjected to qPCR. For the commercial O. japonica food products, each extracted DNA sample was diluted tenfold into three series (ranging from 0.1 to 10 ng/lL) and subjected to qPCR.
Determination of amplification efficiency, correlation coefficient, and limit of detection (LOD)
To evaluate the correlation between cycle threshold (Ct) and DNA concentration, standard curves were obtained using tenfold serially diluted DNA samples of the Orostachys species at concentrations of 0.001-10 ng. The correlation coefficient (R 2 ) was determined by using the linear regression method (R 2 C 0.98) [22] . The amplification efficiency was calculated on the basis of the standard curve using the equations E = 10 -1/slope , and efficiency (%) = (E -1) 9 100. The limit of detection (LOD) was regarded as the analytical concentration at which the method detected the presence of a target nucleic acid in at least 95% of true-positive biological samples (\ 5% of false-negative results) [23] . In order to confirm whether the developed methods work well in other laboratories, we performed an inter-laboratory validation in two other laboratories. The inter-laboratory validation in both laboratories was performed with the same PCR conditions, using the Rotor-Gene Q real-time PCR instrument (Qiagen, Hilden, Germany).
To evaluate the specificity of the O. japonica-specific primer set, we used binary mixtures of DNAs from O. japonica and other Orostachys species, and O. japonica powder and wheat flour (mg/g). The binary DNA mixtures of O. japonica and other Orostachys species were generated from tenfold serially diluted mixed DNA (10-0.01%) samples. The 10-g plant/flour mixtures were prepared artificially by mixing 0.1-90% (10, 100, 1000, and 9000 mg/g) concentrations of O. japonica powder and wheat flour. The extracted DNA mixtures were serially diluted tenfold (0.01-10%) with the initial DNA concentration (10 ng) of each species. 
Results and discussion
Orostachys nucleotide sequences analysis The sequences of seven chloroplast genes (viz., matK, ndhF, rpoB, trnS-G, trnT-L, trnQ-rps16, and ycf2) were obtained from NICEM (for six Orostachys chloroplast genome sequences, unpublished data). The ITS sequences of O. japonica were obtained from the NCBI. In order to amplify the ITS sequences of the six species, primers were designed with an appropriate Tm value (59°C) ( Table S1 ). The primers successfully amplified PCR products from all six species (Fig. 1A) . The amplicons of the chloroplast genes and ITS regions were subsequently cloned and sequenced, and the nucleotide sequences were aligned using ClustalW2 in order to identify single nucleotide polymorphisms (SNPs) for comparison of differences among the six Orostachys species. Species-specific SNPs were found to distinguish each species in each set of alignments (e.g., for the ITS alignment, see Fig. 1B ). However, no distinguishing SNPs were found between the sequences of the species pairs O. iwarenge and O. malacophyllus, and O. latiellipticus and O. ramosus. The species within these two species pairs might have diverged only recently, resulting in the lack of SNP differences between them. Previously, Kim and Park [24] reported that O. malacophyllus and O. iwarenge belonged to the same group on the basis of isoenzyme analysis. We therefore decided to develop species-specific primers for the O. iwarenge and O. malacophyllus, and O. latiellipticus and O. ramosus pairs, respectively.
Real-time PCR primers design
To develop species-specific primers, we retrieved speciesspecific SNPs from among the Orostachys species and used those as the basis for the primer design by the commercial program. However, because the nucleotide sequences of the Orostachys species are very similar, it was not easy to retrieve appropriate SNPs for qPCR primer design. It is very difficult to design primer pairs for the development of PCR-based molecular markers if the SNP has only one of the forward or reverse primers. Some researchers have suggested that these difficulties could be resolved by increasing the primer specificity, by adding mismatches to the base pairs around the SNPs [25, 26] . Therefore, we attempted such addition of mismatches to the base pairs of the designed primers for increasing the specificity. Consequently, 6 out of 12 primer pairs were confirmed as being a vast improvement over the originally designed primer pairs. For example, the mismatched rpoB primer pair showed improvement of specificity (at least 15.6 cycles were rapidly amplified for O. japonica DNA as compared to the other species) over that of the original primers (at least 13.5 cycles) (Fig. 2) . The designed and modified primer pairs are listed in Table 3 .
Verification of the amplification efficiency and sensitivity of the developed PCR primers
In order to assess the efficiency and sensitivity of the developed primers, qPCR assays were performed using tenfold serially diluted DNA (10-0.001 ng) of each species, and the individual statistical measurements were examined using a regression test. First, the quality of the extracted DNAs of each species was assessed by qPCR using universal plant primer (18S rRNA) pairs [27] . Then, the efficiencies of the designed primer pairs were examined. The results were in the range of 80-110%, with strong correlation coefficient values (R 2 [ 0.99) for the target species (Table 4) . However, no clear correlation coefficient was evident for the non-target species (e.g., see Fig. 3 for the O. japonica-specific primers, and Fig. S1 for the other species-specific primers). The slopes of the linear equations ranged from -3.12 to -3.89. In order to confirm whether the PCR products were amplified from the target sequences, the amplicons were cloned and sequenced. As a result, all primers including the mismatched primers were verified to have amplified the target regions (Fig. 4) . Generally, a discrimination analysis developed in a single laboratory would be confirmed for the easy implementation of a more reliable screening phase where necessary through inter-laboratory validation [28] . Therefore, we verified the performance of the developed O. japonica primers in two other laboratories. As a result, the developed O. japonica primers showed similar efficiencies of 80-110%, with correlation coefficients of R 2 [ 0.99 in both the laboratories (Fig. S2) , suggesting that the developed markers would be acceptable for detecting the target species in commercial food products. a Ct values represent the limit of detection of 10 pg of DNA from each species using the species-specific primers Verification of specificity of the developed O. japonica-specific primers
In order to verify the specificity of the developed O. japonica-specific primers, which would be very useful for the discrimination of commercial O. japonica-based foods, binary mixtures of the DNAs from O. japonica and another Orostachys species were generated by tenfold serially mixed DNA (10-0.01%) samples (Fig. 5) and subjected to qPCR. The primers were indeed found to be highly specific to O. japonica. For example, the O. japonica rpoB primer could discriminate 0.01% of O. japonica DNA (1 pg) from 99.99% of O. latiellipticus DNA, whereas it discriminated 0.1% O. japonica DNA from 99.9% of other species DNA, such as that of O. iwarenge and O. margaritifolius. The O. japonica trnT-L and ndhF primers showed similar specificities for discrimination of the species (Fig. 5B) . These results suggest that the primers could clearly discriminate at least 0.1% of O. japonica DNA in commercial food mixtures. Subsequently, qPCR analysis was performed on artificially mixed O. japonica powder and wheat flour to confirm whether the O. japonica-specific primers could detect this species in the mixed products. All DNAs extracted from the various mixtures were quantified to 10 ng for the qPCR analysis (Fig. 6) . Consequently, the pure O. japonica powder (100%) and the mixture of O. japonica (90%) and wheat flour (10%) were found to be amplified at the same Ct value with the three developed gene-based primers. With decreasing concentrations of O. japonica powder, the Ct values with the three developed primers increased gradually. Taking these results together, we concluded that the three O. japonica-specific primers were able to detect at least 0.1% of O. japonica powder additive in commercial food products.
Application of the primers to commercial O. japonica food products
The developed qPCR system was tested for its feasibility in detecting the Orostachys species in eight O. japonica food products, namely 3 powders, 4 dried samples, and 1 raw sample, purchased from local markets. First, 18S rRNA primers were tested to verify whether the DNAs extracted from the food products were suitable for PCR amplification [5] . As a result, the 18S rRNA primers showed low Ct values (range 10.9-13.2) in all samples, confirming that the extracted DNA quality would be suitable for the qPCR assay. The developed primers were able to identify O. japonica DNA at concentrations of more than 10 pg, even though samples were admixed with the DNA of other species. Therefore, we concluded that Ct values for 10 pg of DNA for all species-specific primers could be used as Table 4 . qPCR results for the eight commercial O. japonica products using the developed primers are provided in Table 5 . O. japonica DNA was detected in all eight commercial products, with low Ct values (\ 20). However, none of the DNAs of the other Orostachys species were detected in all commercial products, because of high Ct values (over the detection limit of 10 pg DNA). Therefore, it suggests that the tested products did not contain any other Orostachys species except for O. japonica. Recently, commercial O. japonica food products have gained attention owing to their various efficacies, such as antipyretic, hemostatic, diuretic, apoptotic cell death, and anticancer effects [7] [8] [9] . Several studies have been conducted to classify Orostachys species on the basis of numerous taxonomies [29] , coenzyme electrophoresis [24] , and DNA polymorphisms [30] . However, appropriate methodologies for the discrimination of O. japonica and/or other Orostachys species in commercial food products have not yet been developed.
Recently, the SYBR Green-based qPCR method has been used frequently as a useful tool for species-specific nucleotide detection and quantification. This method has several advantages, such as it is fast, reliable, easy to optimize compared with other biochemical methodologies, and also cheaper than other qPCR methods, such as the Taq-Man probe [31] . In fact, many researchers have developed SYBR Green-based qPCR techniques to detect other plant species in processed foods, such as hazelnut [32] and almond [33] , DNA allergens [34] , and C. wilfordii and C. auriculatum [5] . In this study, we have developed Orostachys primers for species-specific detection, tested their efficiency and sensitivity, and then applied them to commercial foods (Figs. 3, 5, 6 , and S2). The developed primers and qPCR conditions were able to detect the presence of O. japonica or the absence of the other Orostachys species in commercial foods, suggesting that the methodology would be useful for verifying the authenticity of commercial O. japonica food products. 
